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Description 

APPARATUS AND METHOD FOR 
STAIRCASE RAISED SOURCE/DRAIN 

STRUCTURE 

Background of Invention 

[0001] The invention relates to semiconductor devices and tlie 
fabrication tliereof, and more particularly to semiconduc- 
tor devices and the fabrication thereof for ultra-thin SOI 
semiconductor devices. 

[0002] In the design of some semiconductor devices on silicon on 
insulator (SOI) wafers, and in particular on ultra thin SOI 
wafers, extension resistance can significantly limit the 
drive current. The extensions are the region of the semi- 
conductor device which lead to the channel under the gate 
and generally provide external contact to a portion of the 
active region of the device. 

[0003] iviethods to reduce extension resistance include raising 
the source/drain region to reduce the extension resis- 
tance. Thus, the volume of conductive material leading 



away from the channel of the device is increased as well 
as providing an opportunity to form the raised source/ 
drain regions from a material having a higher conductivity 
than the source/drain region. 

[0004] In order to minimize the extension resistance by raising 
the source/drain region, the raised source/drain region 
should be arranged to lie close to the edge of the gate. 
However, if the raised source/drain region is too close to 
the gate edge, a parasitic capacitance known as gate 
overlap capacitance can increase significantly. Such gate 
overlap capacitance may negate any advantages of the 
raised source/drain region by increasing the total capaci- 
tance of the gate thereby curtailing the frequency re- 
sponse of the device. 

[0005] Embodiments of the invention are directed to solving 

some or all of the problems discussed above. 
Summary of Invention 

[0006] In a first aspect of the invention, a method comprises fab- 
ricating a semiconductor structure, including forming a 
gate at least partially overlapping at least one extension 
region. The method also includes forming a first step of 
material adjacent a side edge of the gate and forming a 
second step of material raised above the first step and re- 



mote from the side edge of the gate in a single material 
formation process. 

[0007] In another aspect of the invention, a method of forming a 
source/drain for a semiconductor device includes forming 
a first conductive region adjacent a side of a gate, and 
forming a second conductive region at a height above the 
first conductive region. 

[0008] In another aspect of the invention, a structure comprises a 

semiconductor structure, including a gate arranged to at 

least partially overlap at least one extension region. The 

structure also includes a first step raised above a lower 

surface of the gate; and a second step raised above the 

first source/drain step. 
Brief Description of Drawings 

[0009] Figures 1-9 illustrate steps in manufacturing an embodi- 
ment of the invention; 

[0010] Figures 10-13 illustrate steps in manufacturing an em- 
bodiment of the invention; 

[0011] Figure 14 is a graph of drive current and gate capacitance 
versus the height of a raised source/drain; and 

[0012] Figure 15 is a graph of a ratio between drive current and 
total gate capacitance versus height of a raised source/ 
drain. 



Detailed Description 

[0013] Embodiments of the invention are directed to reducing 

extension resistance, optimizing tlie ratio between exten- 
sion resistance and gate capacitance, and forming a 
structure to reduce extension resistance in a single fabri- 
cation step. For example, an embodiment provides for a 
reduced extension resistance by arranging a two step 
raised source/drain structure in an upper portion of the 
source/drain region. The lower step is proximate the gate 
and is raised above a lower surface of the gate. The first 
step may also be referred to as a lower step or lower por- 
tion of the raised source/drain structure. The second step 
is raised above the first step and has the first step dis- 
posed between it and the gate structure. The second step 
may also be referred to as the upper step or upper portion 
of the raised source/drain structure. The two step source/ 
drain region is formed where the first step is adjacent an 
extension near a lower surface of the gate. The top sur- 
face of the first step is raised above a lower surface of the 
gate. The two step raised source/drain region also in- 
cludes a second step where a top surface of the second 
step is raised above a top surface of the first step. 

[0014] Another embodiment is directed to optimizing the ratio 



between reducing extension resistance by providing a 
raised source/drain structure versus increasing tlie total 
capacitance of tlie gate. By modeling the ratio of current 
conducted through the device versus the capacitance of 
the gate for a variety of heights of a first step above a 
lower surface of the gate, an optimum height of the first 
step which maximizes the ratio between current and gate 
capacitance is determined. It has been found that there is 
an optimum height by which to raise the first step above a 
lower surface of the gate. This optimum height achieves 
the best compromise between reducing resistance and in- 
creasing gate capacitance, and leads to maximizing the 
frequency response of the resulting semiconductor device. 
Thus, by maximizing the current/capacitance ratio, the 
frequency response of the resulting semiconductor device 
may be improved. 
[0015] Another embodiment is directed to reducing extension 
resistance without a large increase in fabrication com- 
plexity by providing two raised steps above a lower sur- 
face of the gate in a single fabrication step. In the fabrica- 
tion process, side wall spacers on the sides of the gate 
structure are undercut up to an extension under the gate. 
Next the undercut is filled while a region extending above 



the undercut is also formed to produce the two raised 
steps in a single material deposition process. 

[0016] Referring to Figure 1, a first step in fabricating a semicon- 
ductor structure having a raised first and second step 
source/drain is shown. A substrate 12 has a gate dielec- 
tric, such as, for example an oxide layer 17 arranged on 
its top surface. Arranged on top of the oxide layer 17 is a 
polysilicon gate 16. The gate may also be a metal gate 
and may also include an oxide layer on each side of the 
gate structure formed by deposition of oxide or an oxida- 
tion process. The gate dielectric may also include an 
oxynitride or a high-k dielectric. Disposed on top of the 
polysilicon gate 16 is a nitride cap 18. Methods for form- 
ing each of these layers are well known in the art to those 
of ordinary skill in the art and are omitted herein. 

[0017] Referring to Figure 2, extension and halo implants are 

performed to form a halo region 22 and an extension re- 
gion 20 in the substrate 12. Typical implant dopants for 
the extension 20 include arsenic and phosphorous for an 
nFET type device. Typical dopant energies range from 0.1 
KeV-5KeV. The halo region 22 is formed with p-type 
dopants and include, for example boron and indium for 
an nFET device. Typical dopant energies for the halo re- 



gion 22 range from 1 KeV to 50 KeV, and typical dopant 
doses range from 10^^/cm^ to about 10^"^ /cm^. The halo 
implant angle ranges from zero degrees to about forty 
degrees. 

[0018] Referring to Figure 3, a first nitride spacer 24 is formed 
on sides of the polysilicon gate 16. First nitride spacer 24 
extends down the side of the gate 16 to the substrate 12. 
The first nitride spacer 24 can be deposited by any of the 
methods well known in the art for depositing nitride spac- 
ers including chemical vapor deposition (CVD) and plasma 
enhanced chemical vapor deposition (PECVD). The nitride 
spacer 24 is then etched anisotropically to remove the 
first nitride spacer material from the horizontal surfaces 
of the substrate 12. Additionally, an optional anneal step 
may be included before depositing the first nitride spacer 
24 to activate the dopants and remove damage from the 
substrate 12. Thicknesses of the first nitride spacer 24 
may typically range between 5nm to 20nm. 

[0019] Referring to Figure 4, a first oxide layer 26 is deposited on 
the substrate 12, the first nitride spacer 24 and the nitride 
cap 18. The first oxide layer 26 may be deposited using 
oxide deposition techniques well known in the art such as 
tetra-ethyl-ortho-silicate (TEOS), etc. The first oxide layer 



26 is typically deposited to a thickness of about 
5nm-20nm. 

[0020] Referring to Figure 5, a second nitride spacer 28 is formed 
using methods similar to forming the first nitride spacer 
24. For example, the second nitride spacer 28 can be de- 
posited using rapid thermal chemical vapor deposition 
(RTCVD) or low pressure chemical vapor deposition 
(LPCVD). After deposition, the second nitride material on 
the horizontal surfaces is etched away using an 
anisotropic etch method such as, for example, reactive ion 
etching (RIE). Thus, the second nitride spacer 28 is formed 
on the side of the first oxide layer 26, with bottom edges 
abutting the top of the horizontal portion of the first ox- 
ide layer 26. 

[0021] Referring to Figure 6, an anisotropic etch method is used 
to remove the exposed portion of the first oxide layer 26 
from the horizontal surfaces of the substrate 12 and ni- 
tride cap 18. Such oxide etch methods are well known in 
the art and include, for example, RIE. After the etching 
process, the edge of the first oxide layer 26 on the sub- 
strate 12 is exposed while the horizontal surface of that 
section of first oxide layer 26 is covered by the second ni- 
tride spacer 28. 



[0022] Referring to Figure 7, the first oxide layer 26 underlying 
the first nitride spacer 28 is etched using any well known 
etching process forming an undercut 30. Isotropic etching 
methods which may be used to form the undercut 30 in- 
clude a hydrofluoric (HF) etch, for example. The etching 
process leaves the edge of the first nitride spacer 24 ex- 
posed within the undercut 30. The etching process leaves 
the undercut 30 with a bottom surface of the second ni- 
tride spacer 28 and a bottom surface of the first oxide 
layer 26 bounding the top of the undercut 30. 

[0023] Referring to Figure 8, a selective epitaxial growth process 
is used to preferentially deposit silicon in the undercut 30 
and extend above the undercut 30 next to the second ni- 
tride spacer 28. The selective epitaxial growth process 
forms a raised source/drain 32. The raised source/drain 
32 has a first step 34 and a second step 36. The first step 
34 of the raised source/drain 32 occupies the undercut 
30. 

[0024] Accordingly, the first step 34 of the raised source/drain 

32 is bounded on top by a lower surface of the second ni- 
tride spacer 28 and the first oxide layer 26. The side of 
the first step 34 closest to polysilicon gate 16 is bounded 
by an edge of the first nitride spacer 24. A lower surface 



of the first step 34 is bounded by tlie substrate 12. Tlie 
upper surface of the second step 36 extends above the 
upper surface of the first step 34. The raised source/drain 
32 may be formed using a selective epi growth process 
using any semiconductor material such as, for example, 
silicon, silicon germanium (SiGe) and silicon carbon (SiC). 
[0025] Again referring to Figure 8, after the raised source/drain 
32 is formed, the raised source/drain 32 is implanted with 
dopants. For example, for an n-type device, dopants in- 
clude arsenic and phosphorous. Typical dopant energy 
levels range from 1 KeV-20 KeV. Dopant doses range 

15 16 

from about 10 -10 /cm^. It should be noted that the 
source/drain region may or may not extend into the sub- 
strate 12. An annealing step is then done. Accordingly, 
the source/drain includes a raised source/drain 32 having 
the first and second steps, 34 and 36. 
[0026] Referring to Figure 9, after the raised source/drain 32 is 
doped, the nitride cap 18 on top of the polysilicon gate 16 
is removed by any of the standard nitride etching pro- 
cesses well known in the art to expose the top of the 
polysilicon gate 16. After the top of the polysilicon gate 
16 is exposed, a silicide is formed on top of the polysili- 
con gate 16 to create a gate silicide 40. Additionally, sili- 



cide is formed on top surfaces of the second step 36 
forming a source/drain silicide 38. l\/letliods used to form 
the silicide layers are well known in the art and include, 
for example, depositing a metal on the polysilicon layers 
and converting the metal to a metal silicide. 

[0027] As can be seen, due to the increased height of the raised 
source/drain 32 in the region of the second step 36, there 
is a thicker doped region underneath the silicide 38 than 
without the second step 36 and thereby the silicide con- 
tact resistance is reduced. After silicide formation, the de- 
vice is completed by any of the appropriate methods well 
known in the art. 

[0028] Referring again to Figure 9, the completed semiconductor 
structure is shown having a substrate 12 with a polysilicon 
gate 16 arranged thereon with a gate oxide 17 disposed 
therebetween. Each side of the polysilicon gate 16 has a 
first nitride spacer 24. The first nitride spacer 24 is ar- 
ranged on a top surface of the extension 20. A raised 
source/drain 32 has a first step 34 and a second step 36. 
The top surface of the first step 34 is arranged above a 
lower surface of the polysilicon gate 16. 

[0029] Next to the first nitride spacer 24 and arranged above the 
first step 34 is a first oxide layer 26. Arranged next to the 



first oxide layer 26 and above tlie first step 34 is a second 
nitride spacer 28. The second step 36 of the raised 
source/drain 32 is raised above an upper surface of the 
first step 34. The second step 36 has a silicide layer 38 
arranged on top of it. Arranged on top of the polysilicon 
gate 16 is a gate silicide 40. Thus, the total source/drain 
region of the semiconductor device may be arranged 
above and within the substrate 12. 
[0030] While the embodiment of Figure 9 shows a raised source/ 
drain 32 having a first step 34 and a second step 36, any 
number of steps may be included in the semiconductor 
structure and fall within the scope of the invention using 
the methods described herein. Additionally, while the gate 
edge of the raised source/drain 32 is of a first height and 
the outer edge of the source/drain is of a second height, 
and the transition between the first height and the second 
height is an abrupt step, any transition type may be used 
such as, for example, a ranged feature. Accordingly, a 
raised source/drain may transition from a gate edge hav- 
ing a first height to an outer edge having a second height 
with a ramp, a curve, a series of small steps, or any other 
shape which transitions from a first height to a second 
height. 



[0031] Referring to Figure 10, a first step in forming another em- 
bodiment of the invention is shown. The first step in- 
cludes using methods well known in the art to form a gate 

216 arranged above a substrate 212 with a gate dielectric 

217 disposed therebetween. A first nitride spacer 224 is 
arranged on the side of the gate 216. Dopants are added 
to the substrate 212 using standard implantation tech- 
niques well known in the art to form the halo 222 and 
source/drain extension 242. 

[0032] Referring to Figure 11, an oxide cap 225 is formed on a 
top of the gate 216 and an oxide layer 226 is formed on 
top of the substrate 212. The oxide cap 225 and oxide 
layer 226 may be deposited by high density plasma (HDP) 
process which preferentially deposits an oxide on a planar 
surface. 

[0033] Referring to Figure 12, a second nitride spacer 228 is 

formed on a side of the first nitride spacer 224. A wet ox- 
ide etch process is then utilized to remove the oxide cap 
and layer, 225 and 226. Removing the oxide layer 226 
leaves an undercut 230 bounded on top by a lower sur- 
face of the second nitride spacer 228. 

[0034] Referring to Figure 13, a selective epitaxial growth step is 
used to form semiconductor material such as, silicon. 



SiCe, or silicon carbide in tlie undercut 230 and across tlie 
surface of the substrate 212 to create raised portion 232. 
Ion implantation is used to dope the raised portion 232 
resulting in a raised source/drain region 232. The implant 
may extend the source/drain further into the substrate 
212. The raised portion region 232 has a first step 234 
near the gate 216 and a second step 236 next to and 
raised higher than the first step 234. Additionally, silici- 
dation and other fabrication steps can be utilized to finish 
the fabrication process. 

[0035] The alternate embodiment 200 of the invention is shown 
having a substrate 212 upon which a raised source/drain 
232 is arranged. The raised source/drain 232 has a first 
step 234 and a second step 236. The semiconductor 
structure 200 also includes a gate 216 on top of the sub- 
strate 212 with a gate oxide 217 disposed therebetween. 
A first nitride spacer 224 is on the side of the gate 216 
and edge of the gate oxide 217. A second nitride spacer 
228 is on the side of the first nitride spacer 224. 

[0036] The first step 234 has an upper surface bounded by a 

lower surface of the second nitride spacer 228. An upper 
surface of the first step 234 is above a lower surface of 
the polysilicon gate 216. The second step 236 of the 



raised source/drain 232 has an upper surface above the 
upper surface of the first step 234. It should be noted that 
while this embodiment of the invention shows two steps, 
other embodiments may include more than two steps in 
the raised source/drain and still fall within the scope of 
the invention. Additionally, the transition between each 
step may be a step as shown, or a curve, a ramp, etc. 

[0037] Referring to Figure 14, a graph illustrating both drive cur- 
rent and gate capacitance of a thin SOI transistor is 
shown. The line having the diamonds is the drive current, 
and the line having the squares is the gate capacitance. 
The X-axis represents a height of a thickness of a raised 
source/drain step in nanometers (nm). The y-axis shows 
drive current through the device in microamps per mi- 
crometer (piA/Mm). The y-axis also shows total gate ca- 
pacitance in femtofarads per micrometer (fF/pim). Thus, 
the y-axis on the left side corresponds to the line showing 
drive current, and the y-axis on the right side corre- 
sponds to the line showing total gate capacitance. 

[0038] As can be seen. Figure 14 shows a steady increase in total 
gate capacitance as the thickness of the first step of the 
raised source/drain is increased. Additionally, Figure 14 
shows that the drive current also increases as the thick- 



ness of the raised first step of the source/drain is in- 
creased. However, in contrast to the steady increase seen 
in gate capacitance, the slope of the drive current abruptly 
decreases at a height of the raised first step of the 
source/drain region of about ten nanometers. Thus, drive 
current quickly increases as the thickness of the raised 
source/drain is increased up to about 10 nm, and experi- 
ences a transition to a diminished increase at a height of 
the raised source/drain region of about ten nanometers. 
In contrast, gate capacitance steadily increases through- 
out the range. 

[0039] Referring to Figure 15, the ratio between current and gate 
capacitance is shown. The x-axis of Figure 15 is the 
height of the first raised step of the source/drain region 
in nanometers. The y-axis is the ratio of current to capac- 
itance. Typically, the performance of a semiconductor de- 
vice is proportional to the current/capacitance ratio. As 
can be seen from the graph, the current/capacitance ratio 
of a semiconductor device having a raised step is at a 
maximum in a region of the height of the raised step of 
about ten nanometers. Thus, it is advantageous to have 
the height of a raised step next to the gate of about ten 
nanometers. However, it should be understood that be- 



cause it is capacitance witli tlie gate wliicli may be a limit- 
ing factor in increasing tlie lieiglit of tlie step beyond the 
optimum amount, tlie lieight of the step of the source/ 
drain region may be increased beyond the optimum 
height farther away from the gate with little or no increase 
in gate capacitance. It may be advantageous to increase 
the height of the raised step of the source/drain region in 
order to minimize any silicide contact resistance in a re- 
gion relatively far away from the gate. Accordingly, a ben- 
efit arises, in some implementations for a semiconductor 
device to have a raised step of about ten nanometers in a 
region close to the gate, and a higher raised step in a re- 
gion away from the gate such as, for example, 30nm, or 
more. 

[0040] As discussed above, in order to increase drive current, 

while minimizing a corresponding increase in gate capaci- 
tance, raising the height of the source/drain at an outer 
edge of the source/drain region more than near the gate 
is desirable. Accordingly, an embodiment of the invention 
includes fabricating a raised source/drain having two 
steps. The first step is close to the gate and is lower than 
a second step which is far away from the gate. 

[0041] While the invention has been described in terms of exem- 



plary embodiments, those skilled in the art will recognize 
that the invention can be practiced with modifications and 
remain in the spirit and scope of the appended claims. 



